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Proposed Specifications for a Lumbar Spinal Cord 
Electrode Array for Control of Lower 
Extremities in Paraplegia
Vivian K. Mushahwar, M em ber, IE E E, and Kenneth W. Horch, M em ber, IE E E
Abstract— The goal of the study was to provide specifications 
for a stimulating electrode array to be implanted in the lumbo­
sacral spinal cord as part of a functional neuromuscular stim­
ulation (FNS) system for control of lower extremity muscles in 
paralyzed individuals. Dual channel stimulation of the quadriceps 
activation pool in the feline ventral lumbo-sacral spinal cord 
was performed to measure electrode interactions and to explore 
the effect of various stimulation paradigms on muscle fatigue. 
There was no measurable overlap in the populations of motor 
neurons activated from two different electrodes for spacings 
> 1 mm with currents below 100 //A. However, a statistically 
significant increase in the population of activated fibers due 
to current summation was observed when stimuli > 70 jiA  
were simultaneously presented through pairs of electrodes within
3 mm of each other. Fatigue effects were studied with three 
paradigms: 1) stimuli were delivered through a single electrode, 2) 
stimuli were delivered through two electrodes with the stimulus 
to the second electrode presented during the refractory period 
of fibers stimulated by the first electrode, and 3) stimuli were 
interleaved between the two electrodes such that the stimulus 
to one electrode was presented midway between stimuli to the 
other electrode, and the rate of stimulation through a single 
electrode was half that used in the first two paradigms. Dual 
channel refractory and single channel stimulation did not differ 
from each other in the rate at which the muscle fatigued, in 
both cases the force decayed to 30% of its initial level within 
2 min of the initiation of the stimulation regime, whereas the 
force with interleaved stimulation was still above the initial force 
at this time due to strong potentiation. Based on these results 
and on and activation pool dimensions obtained in an earlier 
study, preliminary specifications are presented for an electrode 
array to be implanted in the human spinal cord for functional 
neuromuscular stimulation.
Index Terms—Functional electrical stimulation, motor neurons, 
spinal cord stimulation.
I. INTRODUCTION
SPIN A L  co rd  in juries cause an  in terrup tion  in the tran s­m ission  o f  neu ra l signals from  th e  b ra in  to  the periphery  
lead ing  to  the loss o f v o lun ta ry  con tro l o f m uscles innervated  
by  m o to r neurons o rig inating  be lo w  the leve l o f  the  spinal 
co rd  lesion. A rtific ia l con tro l o f  para ly zed  m uscles has been  
p artia lly  accom plished  using  functional n eu rom uscu la r s tim u­
la tion  (F N S ), w hereby  n eu rom uscu la r ju n c tio n s o r periphera l 
nerves are  e lec trica lly  stim ula ted  using  m o to r p o in t o r cu ff
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elec trodes. T hough  som e success has been  ach ieved  by  cu r­
ren t F N S  system s, several d raw backs rem ain . T h ese  inc lude  
frequen t le ad  b reak ag e  [1 ] , dependence  o f  m usc le  response  on 
loca tion  o f  e lec trode  im plan ta tion  re la tiv e  to  th e  m o to r po in t
[2 ] , and  m u sc le  fa tigue  w ith  the consequen t inab ility  to  sustain  
fu sed  contrac tions fo r adequa te  periods o f  tim e [1], [3 ]-[5 ].
W e h ave  suggested  [6], [7] the use  o f  sp inal co rd  stim ulation  
in  FN S fo r the fo llow ing  reasons. T he sp inal co rd  is d is tan t 
fro m  contrac ting  m uscles, so e lec trodes im p lan ted  therein  
w ill n o t b e  sub jec ted  to  dam ag ing  stresses and  strains due 
to  m ovem en t o f  the target tissue. T he lum bo-sacra l sp inal 
co rd  is com pressed  a llow ing  ac tiva tion  o f  essen tia lly  a ll low er 
ex trem ity  m uscles b y  im plan ting  e lec trodes in  a  re la tive ly  
sm all and  p ro tec ted  reg ion . S elec tive  activation  o f  m uscle  
g roups can  b e  ob ta ined  by  stim ulating  the ir “ac tiva tion  p o o ls” 
(reg ions in  w h ich  foca l e lec trica l stim ula tion  elicits con trac tion  
in  specific m usc le  g roups in  iso la tion ) in  th e  ven tral ho rn  o f  
th e  sp inal cord . S m ooth  and  g raded  con trac tion  o f  m uscles, 
w ith  n ear to physio log ica l rec ru itm en t o rder o f  m o to r units, 
can  be  accom plished  by  foca l stim ula tion  o f  ac tiva tion  pools.
A n efficient sp inal co rd  stim ula tion  system  w ou ld  consist o f  
e lec trodes spaced  fa r enough  from  each  o ther tha t overlapp ing  
stim ula tion  o f  m o to r un its is m in im ized , y e t c lose  enough  to  
a llow  fo r sum m ation  o f  sub th resho ld  curren ts from  the tw o 
e lec trodes to  m ax im ize  m o to r un it rec ru itm en t an d  force ou tpu t
[3], [8]. S uch  an array  w ou ld  a lso  a llow  d ifferen t reg ions o f  
a  g iven  ac tiva tion  p o o l to  b e  accessed  to  a llow  ro ta tion  o f  
m echan ica l w ork  am ong d ifferen t m o to r units to  m in im ize  
fa tigue  fo r postu ra l and  o ther p ro lo n g ed  activ ities.
In  the p resen t study, w e lo o k ed  at stim ulus in teractions 
be tw een  pairs o f  e lec trodes in  the fe line  quadriceps ac ti­
va tion  poo l as a  function  o f  stim ulus strength , tim ing  and  
in ter-e lec trode  spacing. U sing  these  data, and  data  on  the 
d im ensions and  loca tion  o f  the  ac tiva tion  poo ls ob ta ined  
in  a  re la ted  study  [7], [9], w e h ave  derived  pre lim inary  
specifications fo r a  hu m an  lu m b ar spinal co rd  elec trode  array  
to  b e  u sed  in  F N S  applications.
II. M e t h o d s
A . E xperim en ta l Setup
F ive  adu lt cats w ere  u sed  in  th is study. A nesthes ia  w as 
induced  w ith  a  40 -m g/kg  in traperitonea l in jec tion  o f  sod ium  
pen tobarb ita l and  w as m ain ta ined  w ith  in travenous in jections
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o f  1:10 d ilu tion  o f  the  anesthetic  as needed . A  tracheo tom y 
w as p e rfo rm ed  on  one cat, an d  a  tracheal tube  w as inserted  
and  firm ly tied  to  the trachea  in  p repara tion  fo r decereb ra tion  
la te r in the experim en t. E ach  ca t w as p laced  on a  hea ted  p la te  
and  its body  tem pera tu re  w as m o n ito red  th rough  a  rec ta l p robe  
and  m ain ta ined  n ear 37 °C . T he ca t’s le ft leg an d  b ack  w ere 
shaved  and  the an im al w as p o sitioned  in  a  K o p f sp inal unit. 
T he sp inal co rd  w as exposed  fro m  lum bar segm en t L 4  to  L7. 
T he du ra  m a te r w as rem oved  w ith  iridectom y scissors and  the 
sp inal co rd  w as covered  w ith  saline to  p reven t its dehydration .
S teinm an  p ins w ere  p laced  in  th e  c a t’s la tera l fem oral 
ep icondy le  and  th e  m ed ia l p rox im al shaft and  m ed ia l m alleo lus 
o f  the tib ia  and  w ere  c lam ped  th rough  posts to  th e  hea ted  plate. 
T he p a te lla r tendon  w as d issec ted  from  its po in t o f  in sertion  
and  a ttached  to  a  fo rce  tran sducer (m odel SM -25, In terface, 
Sco ttsdale , A Z ) th a t a llow ed  isom etric  m easu rem en t o f  forces 
genera ted  by  th e  quadriceps m uscle . To m o n ito r ac tiv ity  in  
th e  rem ain ing  m a in  h ind lim b  m uscles, b ipo la r e lec trom yogram  
(E M G ) e lec trodes w ere  im p lan ted  in  th e  ca t’s b iceps fem oris 
and  sem im em branosus/sem itendonosus m uscles an d  a  fo rce 
tran sducer (m odel M B -5 , In terface, Sco ttsdale , A Z) w as p laced  
on  th e  foo t p a d  to  fac ilita te  de tec tion  o f  m ovem ents a round  
th e  ank le  and  paw . O nly  resu lts from  stim ula tion  th a t d id  n o t 
ac tiva te  neurons from  o ther m o to r pools, as w as ev idenced  by  
th e  absence  o f  de tec tab le  E M G ’s in  ne ighboring  m uscles o r 
ank le  torques, h ave  been  inc luded  here.
C om b stim ulating  e lec trode  arrays w ere  construc ted  from  
six tungsten  rods, each  100 //in  in  d iam eter, sharpened , and  
in su la ted  excep t fo r the tip. T he rods w ere  g lu ed  to  one 
side o f  a  m icro scope  slide such  that they  all ex tended  to  
th e  sam e dep th  and  w ere  spaced  1 m m  apart. T he e lec trode  
array , m o u n ted  in  a  m icrom anipu la to r, w as advanced  in to  
th e  quadriceps ac tiva tion  poo l in  the ven tral ho rn  o f  sp inal 
segm ents L 5 and  an terio r L 6  [7], [9]. A n  18-gauge hypoderm ic  
need le  p laced  in  the rig h t la tissim us do rs i m usc le  served  as the 
re tu rn  e lec trode. S tim ulus genera tion  and  response  reco rd ing  
w ere  pe rfo rm ed  by  an 80486-based  com pu ter w ith  appropria te  
analog-to -d ig ita l and  d ig ita l-to -analog  in terfaces.
P rio r to  in itia ting  the overlap  and  fa tigue  stim ula tion  p ro ­
tocols, am p litude  m odu la ted , 600  /is  long, b iphasic  stim uli 
w ith  a  500-1is in terphase  in terval w ere  de livered  th rough  each  
e lec trode  separa te ly  to  de term ine  the th resho ld  cu rren t requ ired  
to  e lic it the  sm allest de tec tab le  ac tiv ity  in quadriceps, and  
th e  m ax im u m  cu rren t (<  100 / iA )  b e fo re  stim ulus sp read  to  
n e ighboring  activation  pools w as no ted . A  “ standard  stim ulus,” 
w h ich  p roduced  an  in term ed ia te  leve l o f  m usc le  force, w as 
de livered  th rough  the e lec trodes ind iv idually  and  the resu lting  
quadriceps fo rce  (s tandard  response) w as reco rded . T h rough ­
ou t the e lec trode  in terac tion  pro toco ls, the fa tigue state  o f  the 
m usc le  w as m o n ito red  by  delivering  the standard  stim ulus to  
th e  various stim ulating  e lec trodes and  com paring  the genera ted  
fo rce  to  the standard  response. I f  the genera ted  fo rce  w as 
n o t w ith in  10% o f  the standard  response, the m usc le  w as 
considered  fa tigued  and  w as g iven  enough  tim e to  recover 
b efo re  resum ing  the experim ent.
A t the end  o f  th e  experim en ts, e lec tro ly tic  les ions w ere 
p laced  in  th e  sp inal co rd  to  m ark  the stim ula tion  sites. T he 
cats w ere  p erfu sed  th rough  the hea rt w ith  P a lay ’s fixative
and  the lu m b ar sp inal co rd  w as rem oved . T he co rd  w as 
subsequen tly  sec tioned  to  verify  tha t the  e lec trode  array  w as 
in  the quadriceps ac tiva tion  pool.
B. E lectrode In terac tions
E lectrode  in teractions w ere  dete rm ined  as a  function  o f  
pu lse  am plitude  and  elec trode  spacing. In  all o f  the cats, sing le  
600  fj,s pu lses w ere  u sed  to  e lic it tw itch  con trac tions w ith  
th ree  d ifferen t pu lse  am plitudes: 0 .25 , 0 .50 , an d  0 .75 o f  the 
w ay  be tw een  the th resho ld  and  m ax im u m  curren ts fo r that 
stim ula tion  site. In  one cat, 760-m s long , 50 H z trains o f 
300 /us du ra tion  b iphasic  pu lses w ere  a lso  u sed  to  e lic it te tan ic  
con trac tions a t the h ig h es t cu rren t level (100 /nA) considered  
safe  fo r in trasp inal stim ula tion  [10]. F ou r e lec trode  spacings 
(1 -4  m m ) w ere  u sed  in  the fo rm er cases, b u t on ly  the  1-m m  
spacing w as stud ied  in  the  latter.
T hree  m odes o f  stim ula tion  w ere  used: 1) stim uli w ere 
p resen ted  th rough  each  elec trode  separately , 2 ) stim uli w ere 
p resen ted  th rough  tw o e lec trodes sim ultaneously , and  3) s tim ­
u li w ere  p resen ted  th rough  tw o e lec trodes w ith  the stim ulus 
to  the  second  e lec trode  de livered  during  the refrac to ry  perio d  
o f  fibers ac tiva ted  from  the first e lec trode. W ith in  a  stim ulus 
sequence, pu lse  am p litude  and  stim ula tion  m o d e  w ere  chosen  
pseudo random ly  (random ly  w ithou t repetition ) to  e lim inate  
th e  d ependence  o f  fo rce  genera tion  on the o rder o f  stim ulus 
delivery . A n in terval o f  60 s w as a llow ed  be tw een  stim ulus 
presen ta tions.
C. F atigue
T he tim e course  and  m agn itude  o f  fa tigue  w ere  m easu red  
fo r d ifferen t stim ula tion  patterns. T he quadriceps w as fa tigued  
using th e  in te rm itten t fa tigue  p ro toco l described  by  B urke 
e t al. [11]. A n elec trode  spacing  w as chosen , and  b iphasic , 
rec tangu lar, charge b a lan ced  pu lses 300 /us in  du ra tion  w ith  
a  500-/HS in terphase  in terval, w ere  de livered  in  760-m s long 
trains under th ree d ifferen t parad igm s: 1) a  50-H z train  w as 
de livered  to  on ly  one  elec trode  at a  tim e (single), 2) 50 
H z trains w ere  delivered  to  bo th  e lec trodes w ith  the second  
elec trode  ac tiva ted  40 0  /us a fter th e  end  o f  stim ulus to  the 
first e lec trode  (refractory), and  3) 25 H z trains w ere  delivered  
to  each  e lec trode  in  an in te rleaved  m anner such  tha t the 
aggregate  stim ula tion  frequency  w as 50 H z (in terleaved) [12]. 
S im ultaneous stim ula tion  th rough  tw o elec trodes, each  a t 50 
H z, w as n o t a ttem p ted  in  the fa tigue  study  since, though  low er 
stim ulus am plitudes co u ld  b e  expected , the p a rad ig m  w ould  
le ad  to  the ac tiva tion  o f  the sam e popu la tion  o f  m o to r neurons 
a round  each  e lec trode  along w ith  add itional fibers due to  
cu rren t sum m ation  [12]. Such a  pa rad ig m  is ind istingu ishab le  
fro m  the sing le  e lec trode  stim ula tion  pa rad ig m  used  in  the 
study. In  each  case, pu lse  am plitudes w ere  chosen  to  p roduce  
an  in itia l-fu sed  te tan ic  p eak  fo rce  a round  15 N , a  va lue  tha t is 
typ ica l o f  tha t seen w hen  using stim ulus in tensities one-fourth  
o f  the w ay  be tw een  th resho ld  and  m ax im al. T he parad igm s 
w ere  se lec ted  in  p seudo -random  order w ith in  an  experim en t 
to  e lim inate  the effect o f  o rder on  the fo rce  output. In  all 
cases, stim ula tion  las ted  fo r 5 m in  w ith  a  1-s in terval be tw een
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th e  end  o f  one  tra in  and  the beg inn ing  o f  the nex t, p roducing  
a  to ta l o f  170 te tan ic  con tractions.
A s in  th e  e lec trode  in terac tion  experim en ts, a  “te tan ic  stan ­
dard  response ,” p ro d u ced  by  stim ula tion  th rough  each  e lec ­
trode  separately  a t a  low  pu lse  am p litude  p rio r to  in itia tion  o f  
th e  fa tigue  p ro toco l, w as u sed  to  assess the state o f  the m uscle  
fo llow ing  each  fa tigue  session. In  general, a  perio d  from  60 
to  120 m in  w as needed  fo r m usc le  recovery  to  w ith in  10% o f 
th e  standard  response  p rio r to  resum ption  o f  the experim ent.
D. D ecerebra tion
To con tro l fo r the possib ility  tha t th e  resu lts w ere  affec ted  
by  the N em bu ta l anesthetic , one  ca t w as decereb ra ted  and  
rem o v ed  from  anesthetic  support once  th e  in terac tion  and  
fa tigue  p ro toco ls w ere  com pleted . A t th is po in t, the  loca tion  o f  
th e  e lec trode  array  w as n o ted  on  the m ic ro m an ip u la to r 's  scale 
a n d  th e  array  w as w ithdraw n  from  th e  sp inal cord . A n opening  
w as m ade  in  bo th  p arie ta l bones ab o v e  the lam bo ida l ridge  
separating  the co rtex  fro m  the cerebe llum  w hile  the ca t w as 
still u nder N em bu ta l anesthesia . A  P asteu r p ipette , connected  
to  a  vacuum  pum p, w as u sed  fo r asp ira ting  the caudal po rtion  
o f  the co rtex  to  a llow  fo r b e tte r v isualiza tion  o f  the  co rpora  
q uadrigem ina. A  b lu n t spatu la  w as repeated ly  in serted  th rough  
each  o f  the p arie ta l open ings to  p roduce  a  p reco llicu la r lesion. 
A  p e riod  o f  ab o u t tw o hours w as g iven  fo r the ca t to  re tu rn  to  
a  m ild ly  reflex ic  state befo re  the decereb ra tion  w as com pleted . 
O nce the decereb ra tion  w as com plete , the ca t w as artificially  
resp ired  w ith  its end tida l pC O 2 m ain ta ined  a t 3 to  4%  and  the 
e lec trode array  w as re in serted  in  its fo rm er location . F o r testing  
m o to r n eu ron  excitab ility  a fte r the decereb ra tion , th ree  to  six 
quadriceps te tan ic  con trac tions w ere  p ro d u ced  by  delivering  
760-m s duration , 50 H z tra ins o f  100 /iA ,  300  /is  long b iphasic  
pu lses w ith  an  in terphase  in te rva l o f  500  /is.
E. D a ta  A n a lysis
O verlap  in  the popu la tions o f  neurons ac tiva ted  fro m  in d i­
v idual e lec trodes w as ca lcu la ted  by
O verlap  =
F 0 +  Ff, — -Fief 
F ref
w here  F a and  F b a re  forces from  each  e lec trode  separately , and  
F ref is th e  fo rce  genera ted  using  re frac to ry  m o d e  stim ulation . 
R ecru itm en t o f  add itional m o to r neurons by  sum m ation  o f  
sub th resho ld  cu rren ts during  p a ired  stim ula tion  w as quan tified  
as
-F s im u lS um m ation  =
Fa + Fh
w here  F simui is the fo rce  genera ted  w hen  th e  stim uli w ere 
p resen ted  th rough  th e  tw o  e lec trodes sim ultaneously . N o te  
th a t Fsimui is the fo rce  ob ta ined  by  activating  the sam e 
n eu rona l popu la tions invo lved  in  generating  F ref p lus th e  force 
genera ted  as a  resu lt o f  cu rren t sum m ation  in  the sub th resho ld  
n eu rona l fringes due  to  sim ultaneous stim ula tion  th rough  tw o 
e lec trodes [3], [12].
T he  fa tigue  data  w ere  an a ly zed  b y  com bin ing  the average  
p la teau  forces from  five successive  te tan ic  contrac tions in to  a
sing le  b in , g iv ing  a  to ta l o f  34 data  po in ts fo r each  fatigue 
curve. E ach  po in t w as n o rm alized  re la tive  to  the fo rce o f  
th e  first b in . D ata  from  the five cats w as then  com bined  and  
standard  errors w ere  ca lcu la ted  fo r the com bined  data.
F. A c tiva tion  P oo l D im ensions
In  a  re la ted  study [7], [9], the ven tra l lum bo-sacra l sp inal 
co rd  w as m apped  an d  the boundaries o f  the  quadriceps, tib ialis 
an te rio r an d  triceps surae ac tiva tion  poo ls w ere  determ ined . 
F o r each  cross section  in  a  g iven  poo l, th e  d is tance  from  the 
sp inal co rd  m id line  to  the cen te r o f  the pool, the  d is tance  from  
th e  sp inal co rd  dorsa l surface to  th e  cen te r o f  the pool, and  
th e  poo l leng th , w id th , he igh t an d  c ross-sec tional a rea  w ere 
m easured . T he  m eans o f  th e  d istances to  the cen te r o f  the poo l 
fro m  the sp inal co rd  m id line  an d  dorsa l surface, an d  the w idth , 
he ig h t an d  leng th  values ob ta ined  from  quadriceps ac tiva tion  
poo ls in  six an im als , an d  tib ialis an te rio r an d  triceps surae 
poo ls in  five an im als each, w ere  ca lcu la ted  an d  sca led  to reflect 
th e  average  size  o f  the  sp inal cords in  th e  cats u sed  in  the study. 
B ecause  fine m app ing  o f  the ham string  ac tiva tion  p oo l has 
n o t b een  done, its loca tion  an d  d im ensions w ere  derived  from  
coarse  m aps ob ta ined  in  ea rlie r studies [6], [7] in  con junction  
w ith  th e  loca tion  an d  d im ensions o f  the ham strings anatom ica l 
m o to r poo l repo rted  b y  R om anes [13], [14].
III. Resu lts
A . E lectrode In terac tions
T here  w as n o  sta tistically  sign ifican t overlap  o f  stim ulated  
n eu rona l popu la tions fo r pu lse  am plitudes o f  30, 50, and  
70  //A  and  e lec trode  spacings b e tw een  1 and  4  m m  in 
da ta  fro m  the five an im als (ca lcu la ted  overlaps ran g ed  from
1.9 ±  14.5 to  8.7 ±  23.9% , m ean  ±  s.e.). O n the o th er hand , a  
100-/na stim ulus p roduced  an  overlap  o f  15.4 ±  2 .3%  betw een  
e lec trodes 1 m m  apart in  the one an im al tes ted  a t this level.
F o r cu rren ts b e low  70 //A  (i.e., 30 and  50 //A ), there  w as 
n o  m easu rab le  in crease  in  m usc le  fo rce  due  to  sum m ation  o f  
sub th resho ld  cu rren ts w hen  stim uli w ere  de livered  to pairs o f  
e lec trodes sim ultaneously  a t any  o f  the th ree  separations (1, 2, 
an d  3 m m ) tested . H ow ever, there  w as sta tistically  significant 
(jo <  0 .05) sum m ation  a t 70 // A a t all th ree  separations, as 
show n in F ig . 1. A s expected , this effec t show ed  a  sign ifican t 
(jo <  0 .05) d ependence  on  d istance. S um m ation  w as a lso  seen 
w ith  100 /itA stim uli.
B. F a tigue
To p roduce  an  in itia l te tan ic  quadriceps fo rce  o f  15 N , the 
single, re frac to ry  an d  in te rleave  fa tigue  stim ula tion  parad igm s 
req u ired  a  m ean  pu lse  am p litude  p e r e lec trode  o f  31, 34 
and  4 6  //A , respective ly . W hile  the pu lse  am plitudes u tilized  
fo r the sing le  a n d  re frac to ry  stim ula tion  m o d e  w ere  sim ilar, 
each  w as significantly  low er (p  <  0 .01) than  th e  am plitude  
u sed  fo r in te rleaved  stim ulation . F ig . 2  show s p o o led  fatigue 
da ta  fro m  th e  five cats o b ta ined  w ith  single, re frac to ry  and  
in terleave  stim ula tion  parad igm s. E lec trode  spacing  varied
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Fig. 1. Recruitment by current summation. Shown are the mean and standard 
error values of force increase during simultaneous stimulation through two 
electrodes compared to the sum of the forces generated by stimulation through 
each electrode alone as a function of electrode separation. Stimulus amplitude 
was near 70 A in each of the five animals.
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Fig. 2. Effect of stimulation paradigm on muscle fatigue. Shown are nor­
malized tetanic forces produced by repeated pulse trains lasting 760 ms as a 
function of time. Each point shows tetanic contraction forces from five cats, 
binned for five successive stimulus presentations, and normalized to the value 
of the first bin. Four different stimulus paradigms were used. In Single A and 
Single B, 50 Hz trains were presented to a single electrode. In Refractory, 
50 Hz trains were presented through both electrodes such that the stimulus to 
electrode B was delivered during the refractory period of neurons activated by 
electrode A. For Interleave, 25 Hz trains to the two electrodes were interleaved 
such that each electrode was stimulated in the middle of the period between 
stimuli to the other electrode.
fro m  2 to  4  m m  be tw een  cats b u t w as h e ld  constan t w ith in  
an  an im al. T he in itia l increase  in  fo rce  du ring  th e  stim ulation  
sequences w as due  to  post-te tan ic  po ten tia tion  [11], [15 ]-[18 ]. 
A fte r the po ten tia tion , sing le  (S ingle  A  and  Sing le  B ) and  
re frac to ry  (R efrac to ry ) m o d e  stim ula tion  p ro d u ced  m uscle  
fa tigue  profiles tha t d id  no t d iffer from  each  o ther statistically , 
b u t tha t w ere  sign ifican tly  (p  <  0 .0001) d iffe ren t from  tha t 
p ro d u ced  by  in te rleaved  stim ula tion  (In terleave ). W ith in  1 
m in  o f  in term itten t stim ulation , th e  fo rce  genera ted  b y  sing le  
and  re frac to ry  m o d e  stim ula tion  h ad  fa llen  to  h a lf  its in itia l 
value, and  by  2 m in  it w as fu rther reduced  to  on ly  30% . 
In  contrast, fo rce  genera ted  by  in te rleaved  stim ula tion  w as 
ac tua lly  e leva ted  at 1 m in , and  w as still above w hat it w as 
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Fig. 3. Decerebrate control. Shown are tetanic forces generated by present­
ing 760 ms long 50 Hz trains of stimuli to two electrodes, separately, as a 
function of time. Anesthetic was discontinued at 2 h and decerebration was 
completed at time zero. Removal of the sodium pentobarbital anesthetic did 
not increase the excitability of the cord to electrical stimulation of ventral gray 
matter. Each point is the mean force from three to six tetanic contractions and 
error bars are the standard errors.
C. D ecerebra te  P repara tion
Fig. 3  show s a  reco rd  o f  p re- and  postdecereb ra tion  forces 
fro m  one  cat. T he tw o  traces show  te tan ic  forces genera ted  
b y  stim ula ting  th rough  tw o separa te  e lec trodes, respective ly . 
T he “0 ” m ark  on  th e  h o rizon ta l axis refers to  the tim e the 
decereb ra tion  w as com pleted , over tw o hours a fter adm in is­
tra tion  o f  N em bu ta l anesthetic  h ad  been  d iscontinued . E ach  
p o in t is th e  m ean  o f  th ree  to  six  te tan ic  con trac tion  forces 
and  the bars g ive  the standard  error. Im m ediate ly  fo llow ing 
decereb ra tion  the quadriceps fo rce  e lic ited  from  each  site w as 
depressed . T he force re tu rned  to  its p redecereb ra tion  level 
w ith in  3 0  m in  a fter decereb ra tion  and  w as m ain ta ined  fo r 
six  successive  hours in  one  case  (open  circles), bu t seem ed  
to  degrade  sligh tly  in  th e  o ther (open squares). F o r 6 .5  h  
fo llow ing  the  decerebra tion , stim ula tion  o f  th e  spinal co rd  w ith  
100 fj,A  pu lses caused  n o  sp read  o f  ac tiv ity  to  ne ighboring  
ac tiva tion  pools, as ev idenced  by  the fac t tha t no  activ ity  
w as reco rd ed  th rough  th e  E M G  elec trodes o r the foo t pad  
transducer. F urtherm ore , stim ulus trains p resen ted  to bo th  
elec trodes in  synchrony, w h ile  p roducing  very  large  quadriceps 
forces (60.7  ± 3 . 3  N ), caused  no  detec tab le  sp read  o f  activ ity  
to  m o to r neurons ou ts ide  th e  quadriceps ac tiva tion  pool.
IV . DISCUSSION
A . E lectrode In terac tions a n d  F a tigue  R eduction
A  1-m m  spacing  betw een  e lec trodes resu lted  in m in im al 
overlap  o f  stim ula ted  n eu rona l popu la tions, even  a t the h ighes t 
cu rren t leve l considered  safe fo r in trasp inal stim ulation . O n the 
o th er hand, this spacing p rov id ed  fo r sign ifican t rec ru itm en t o f  
add itiona l m o to r neurons to  p roduce  la rge  con trac tion  forces 
w ith  sim ultaneous stim ula tion  th rough  e lec trode  pairs. T hese  
da ta  co rre la te  w ell w ith  estim ated  values o f  effec tive  cu rren t 
sp read  in  the  sp inal co rd  gray  m atter, p red ic ted  to  be  in  a  range 
o f  0.5  to  0 .7  m m  fo r 70 /j,A  and  0 .6  to  0.8 m m  fo r 100 /j,A  [19].
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M uscle  fa tigue  during  e lec trica l stim ula tion  o f  m o to r nerves 
is due  to  several factors: rev ersed  o rder o f  m o to r u n it r e ­
c ru itm en t w ith  the fa tigue  p rone  fibers ac tiva ted  first and  fo r 
longer periods than  fa tigue  resistan t fibers; lack  o f  topo log ica l 
se lec tiv ity  o f  m o to r units w ith in  a m usc le  such  that in stead  
o f  ro ta ting  th e  m echan ica l w ork  am ong  severa l m o to r un its, 
th e  stim ulus con tinuously  activates the sam e subset o f  fibers; 
and  the use  o f  synchronous stim ula tion  o f  m o to r fibers w ith  
frequencies h ig h e r than  physio log ica l levels to  p roduce  large 
and  fu sed  m uscu la r contrac tions [1], [3 ]-[5 ]. In  an  a ttem pt 
to  m in im ize  these  effects, investiga to rs h ave  deve loped  novel 
stim ulus w aveform s to  enhance  n ear physio log ica l size r e ­
c ru itm en t o rder o f  m o to r fibers [20], [21] and  n ew  elec trode  
configurations to  p roduce  selective and  topo log ica l recru itm en t 
o f  m o to r units [22 ]-[27 ].
W e dem onstra ted  e lsew here  tha t focal sp inal co rd  s tim u­
la tion  cou ld  rec ru it m o to r units in  m ix ed  o rder o f  size and  
p resen ted  da ta  tha t suggested  tha t one  m ig h t be  ab le  to effect 
topo log ica l se lec tiv ity  o f  m o to r units w ith in  a m u sc le  by  
stim ulating  various po rtions o f  its ac tiva tion  p o o l [7], [28]. 
In  the p resen t study, w e u sed  dual channel stim ula tion  to  
d eterm ine  if  stim ulating  independen t sets o f  m o to r  neurons, 
each  a t a  ra te  be low  the fusion  frequency , can  d ecrease  m uscle  
fa tigue  w h ile  still p roducing  fu sed  tetani. O u r resu lts show  
that, though  som ew hat h ig h er stim ulus levels w ere  requ ired  
to  p ro d u ce  in itia l fo rce  levels com parab le  to  those  p roduced  
b y  the sing le  an d  re frac to ry  parad igm s [17], [29], [30], fa ­
tigue  w as essen tia lly  e lim inated  by  in te rleaved  stim ulation . 
A s expected , the in terleaved  parad ig m  also  p roduced  g rea ter 
p o st-te tan ic  po ten tia tion  due  to  th e  low er stim ula tion  ra te  
[31 ]-[3 4 ]. T he ab ility  to  reduce  fa tigue  b y  stim ulating  the 
sp inal co rd  in  an  in te rleaved  m an n e r has the added  benefit 
o f  activating  the  m o to r  fibers in  a m an n e r that m im ics the ir 
n a tu ra l asynchronous firing p a tte rn  [1], [5]. T his effec t should  
b e  even  stronger i f  m o re  e lec trodes are  u sed  in a sing le  m u sc le  
ac tiva tion  pool.
E v idence  tha t th e  focal stim ula tion  is ac tiva ting  m o to r n eu ­
rons d irec tly  an d  is hav ing  little  o r n o  effect on  in terneurons in  
th e  co rd  com es fro m  th e  decerebra tion  experim en t, in w hich  
th e  resu lts o f  sp inal co rd  stim ula tion  rem ain ed  largely  the sam e 
u nder N em bu ta l anesthesia  and  fo r hours a fte r anesthesia  had  
b een  d iscon tinued . T herefore , w e believe  that ou r observations 
can  be  reasonab ly  ex tended  to  expec ted  b ehav io r in  cases o f  
low er lim b para lysis in  hum ans.
B. P roposed  Specifica tions fo r  a Sp ina l 
C ord S tim ula tion  E lectrode A rra y
S pecifications fo r a  stim ulating  e lec trode  array  fo r long 
te rm  im plan ta tion  in  the hum an  sp inal co rd  can  be  developed  
b ased  on  the d im ensions o f  the ham strings, quadriceps, tib ialis 
an te rio r and  triceps su rae  ac tiva tion  pools, an d  the e lec trode  
in terac tion  resu lts  p resen ted  in  this paper. To do so, w e have  
m a d e  a  n u m b er o f  assum ptions as fo llow s. W e assum e that 
cu rren t spread  in hum an  ven tra l g ray  m a tte r  is sim ilar to  
tha t in  fe line  ven tra l horn . G iven  that the ven tral ho rn  m o to r 
poo ls in  the hum an  lum bo-sacra l sp inal co rd  possess th e  sam e 
spatia l a rrangem en t as those  in  the ca t [14] and  g iven  the
TABLE I
Summary of Estimated Motor Activation Pool Locations and Dimensions
Pool D istance from  M idlinc 
(m m )








H am strings 3.6 7.6 1.0 1.5 19.0
Q uadriccps 3.4 8.2 1.3 1.2 19.0
T ib ialis  A nterior 4.2 6.0 0.7 2.5 19.0
T riccps Surac 4.0 6.6 1.0 1.9 32.0
co rrespondence  be tw een  activation  and  m o to r poo ls [7], w e 
assum e that the hu m an  lum bo-sacra l sp inal co rd  has th e  sam e 
arrangem en t o f  ac tiva tion  poo ls as does the cat. T he low er 
ex trem ity  ac tiva tion  pools in  hum ans are  there fo re  p rim arily  
loca ted  in  the lum bar en largem ent be tw een  segm ents L 2  and  
S2 [14]. T he com bined  leng th  o f  segm ents L 2  to  S2 in  hum ans 
is approx im ate ly  50 m m  and  the w id th  and  he igh t o f  the co rd  
a re  approx im ate ly  15 and  12 m m  m easu red  a t the m id line  and  
cen tra l canal level, respec tive ly  [35], [36]. T his suggests an 
approx im ate  66%  in crease  in  th e  leng th  and  a  100%  increase  
in  th e  w id th  and  he ig h t o f  each  ac tiva tion  pool, re la tive  to the 
d im ensions in  cats.
Ideally , an  op tim al e lec trode  array  w ou ld  be  one that w ou ld  
con fo rm  to the shape o f  each  o f  th e  pools. H ow ever, the pools 
are  irregu la r in  shape and  show  varia tion  be tw een  indiv iduals. 
T herefore , as a  m a tte r  o f  p rac tica lity , w e have  assum ed  a 
un ifo rm  cy lind rica l shape fo r each  ac tiva tion  pool, w ith  a 
w id th  and  he ig h t equa l to  tha t equa led  o r exceeded  by  at 
least 90%  o f  the poo l as observed  in  o u r de ta iled  m app ing  
experim en ts [7], [9]. T hese scaled  d im ensions are  p resen ted  
in  T able I.
A ssum ing  sim ilar cu rren t sp read  characteristics in  th e  cat 
and  hum an  sp inal co rd  gray  m a tte r  and  sym m etric  cu rren t 
sp read  in  a ll d irec tions in  the spinal co rd  ven tra l horn , and  
tak ing  in to  considera tion  the sharing  o f  lum bo-sacra l segm ents 
be tw een  the pools, w e p ropose  a  th ree-d im ensional (3-D ) array  
configuration  to  b e  im p lan ted  th rough  th e  do rsa l surface o f  the 
sp inal cord . T he rec tangu la r array  w ou ld  consist o f  fou r row s 
o f  shafts, spaced  0.7 m m  ap art in  the m ed ia l-la te ra l d im ension . 
E ach  row , o rien ted  along the ro stro -caudal axis, w ou ld  have  48 
elec trode  shafts, spaced  1 m m  apart. T he shafts w ou ld  b e  8.8 
m m  long a t the ro s tra l end  o f  the array , and  6 .2  m m  long a t the 
caudal. T he m ore  ro s tra l shafts w ou ld  carry  fo u r 50 x  50 //in 
elec trode  sites spaced  1 m m  apart, w h ile  the  m ore  caudal shafts 
w ou ld  on ly  n eed  th ree sites. O n each  shaft, the  m o s t ven tral 
elec trode  site  w ou ld  b e  200  //in  from  the end  o f  the shaft to  
allow  fo r p ro p e r tapering  o f  the e lec trode  tip . T he rem ain ing  
sites w ou ld  b e  spaced  1 m m  apart re la tive  to  this ven tral site.
T he e lec trodes in  such an array  w ou ld  p rov ide  access to  
fibers d ispersed  th roughou t each  o f  the m o to r  ac tiva tion  pools 
to  ensu re  adequa te  ro ta tion  o f  stim ula tion  am ong m o to r units 
in  a ll m u sc le  com partm en ts. A  0 .7 -m m  la tera l spacing  w as 
chosen  to  co incide  w ith  the  w id th  o f  the tib ialis an te rio r 
ac tiva tion  poo l (the narro w est o f  the target poo ls) and  to  ensure 
th e  im plan ta tion  o f  at least one  com b in  the pool. Im plan ta tion  
o f  e lec trodes c lose  to  th e  edges o f  the poo l is no t p red ic ted  
to  cause  sign ifican t changes in  th e  recru itm en t characteristics 
o f  the  innervated  m u sc le  fo r tw o  reasons. F irst, the  pools
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Fig. 4. Sketch of cord cross section with proposed electrode array. Shown are 
the experimentally determined tibialis anterior (ventro-lateral shaded area) and 
triceps surae (dorso-medial shaded area) activation pools at a single level of the 
spinal cord of a cat scaled up to assumed human proportions. Superimposed 
on the section is a scaled projection of where the shafts from the proposed 
electrode array would be with stimulation pads indicated by filled squares. 
The hamstring pool sits medial to the tibialis anterior pool and ventral to the 
triceps surae pool in the area where the ventro-medial electrode sites on the 
array are positioned. (Scale bar: 1 mm.)
w ere  n o t m ap p ed  based  on  the m orpho log ica l characteristics o f  
th e ir m o to r neurons b u t on  the ir e lec trica l characteristics [7]. 
W ith  an  im posed  m ax im u m  cu rren t m agn itude  o f  100 / iA , no  
sign ifican t re la tionsh ip  w as found  in  these studies be tw een  the 
loca tion  o f  a  stim ula ted  site  in  a  pool, stim ula tion  range (the  
ex ten t to  w hich  stim ulus strength  can  be  increased  re la tive  to 
the th resho ld  cu rren t b efo re  sp read  o f  ac tiv ity  to  ne ighboring  
poo ls is detec ted), and  genera ted  m u sc le  force. Second, B urke 
et al. ind ica ted  th e  p resence  o f  a  sparse-ce ll layer dorsal 
an d  ven tra l to  the m ed ia l gastrocnem ius/so leus m o to r poo l 
a llow ing  fo r anatom ical iso la tion  o f  th e  p o o l [37]. I t is 
expec ted  that a  sim ilar situation  exists fo r th e  rem ain ing  pools. 
T hus, w ith  e lec trodes spaced  0.7 m m  apart in  a  g iven  pool, 
it is expec ted  tha t m o to r neurons a long  the fu ll w id th  o f  the 
poo l w ill b e  recru ited  w ith  n o  sp read  to ne ighboring  pools, 
even  i f  the elec trodes a re  n o t cen te red  in  the poo l. F o u r row s 
o f  e lec trode  com bs an d  the  leng ths o f  the shafts w ere  chosen  
to  in su re  im plan ta tion  o f  a t least one com b in each  o f  the 
target ac tiva tion  pools. T he  spacing o f  ac tiv e  sites on  the 
e lec trode  shafts w as b ased  on the e lec trode  in terac tion  data  
p resen ted  here, an d  the ac tive  e lec trode  site d im ensions w ere 
chosen  to  safely  han d le  the charge  in jec ted  (0 .04  /nC/phase 
a t 1600 /nC/cm2) w hen  m ax im al 100 //A , 40 0  /us du ra tion  
stim uli a re  u sed  [10].
F ig . 4  illustrates in  cross section  w hat th e  im p lan ted  array  
w ou ld  lo o k  lik e  in  the lu m b ar spinal cord . T he  co rd  section  
a n d  ac tiva tion  poo ls a re  taken  from  ac tu a l m easurem ents in  
a  sing le  cat, an d  h ave  been  sca led  up  to  hum an  dim ensions. 
A lthough  no t show n on  this section  because  it w as no t m apped  
in  this an im al, the ham strings poo l w ou ld  lie  m ed ia l to  the 
tib ialis an te rio r poo l an d  ven tra l to  th e  triceps surae poo l, so 
th e  elec trode  sites on the ven tro -m ed ia l p art o f  the array  w ou ld  
lie  in it.
W ith  a  shaft d iam eter o f  100 //in  th e  to ta l tissue  d isp lace ­
m en t b y  the array  in  th e  sp inal co rd  w o u ld  b e  less than  2% .
T he  im p lan ted  a rray  is expec ted  to  b e  sub jec ted  to  little  i f  any  
m o v em en t in  p a rap leg ic  ind iv iduals fo r tw o reasons: 1) the 
lu m b ar en largem en t in  hum ans lies w ith in  tho rac ic  verteb rae  
9  to  12, an  a rea  w h ich  is stab ilized  by  the  rib  cage an d  2) 
m ovem en ts ab o u t the h ip  such as flexion no rm ally  stre tch  the 
sp inal roo ts in stead  o f  the lu m b ar sp inal cord.
In  add ition  to  the benefits o f  stim ulating  m o to r neu ra l tissue 
th rough  m u ltip le  e lec trodes dem onstra ted  in  the p resen t study  
as w ell as in studies by  o thers [8], [12], [24], [25], [27], 
[38], a  m ulti-e lec trode  array  o f  the type  p roposed  h ere  w ou ld  
p rov ide  a  degree  o f  fa il-safe  redundancy  no t p oss ib le  w ith  
sing le  e lec trode stim ula tion  system s. T hough  the nu m b er o f  
e lec trodes in the p roposed  array  m ay  app ea r large, it is still 
less than  w hat is be ing  p roposed  fo r v isual p rostheses e lec trode  
arrays. S ince th e  la tte r is an  ac tive  a rea  o f  investiga tion  in  a  
nu m b er o f  labs, m anu factu ring  techniques fo r the p roposed  
a rray  co u ld  be  b o rrow ed  fro m  those  researchers, w ho  are  
a lso  ac tive ly  engaged  in  develop ing  m ultip lex ing  circu itry  fo r 
accessing  ind iv idual e lec trodes in  such arrays [39 ]-[42 ].
A t th e  expense  o f  using m ore  e lec trodes, stim ulating  the 
sp inal co rd  fo r con tro l o f  low er ex trem ities has the ad d ed  
advan tage  o f  p rov id ing  access to  m o to r neurons innervating  
deep  h ip  flexor an d  ex tenso r m uscles no t easily  access ib le  to  
cu ff  o r m o to r p o in t e lec trodes [5] an d  co u ld  b e  in teg ra ted  w ith  
a  sp inal co rd  stim ula tion  system  fo r con tro lling  b ladder and  
b ow el function  [43].
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